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ABSTRACT 
 
The doctoral thesis deals with study of structural and mechanical properties of inorganic materials. Goal is 
to find the weakest (mechanically) phases and interfaces of material. By affecting these structures it should be 
possible consequently produce a material with better mechanical properties. 
Due to the large amount of used methods the basic theory is discussed always in the beginning of relevant 
chapter. Similarly, due to the considerable amount of results every chapter includes partial conclusions. The 
work is divided in three parts. The first deals with the introduction of the possibilities of modeling micro-
mechanical properties and performing of experiments that allow assessment of the scope of some model. In 
second part itis performed an overview of current possibilities of indentation tests for measuring mechanical 
properties of structural components of concrete and the practical managing of methods suitable for use for 
materials research examined at our faculty. In third part the method of identifying the weakest points in structure 
of inorganic binders is proposed and validation on the particular material examined at our faculty is performed. 
The methods used in this doctoral thesis are: calorimetry, ultrasonic testing, uniaxial compression, 
nanoindentation, correlative microscopy and scanning electron microscopy with energy dispersive spectrometer. 
Partial results are a complete characterization of cementitious materials, specification of existing 
knowledge and finding the optimal procedure for characterization. The main result is an innovative approach that 
leads to a positive effect on the material. 
 
 
ABSTRAKT 
 
Disertační práce se zabývá studiem strukturních a mechanických vlastností anorganických materiálů. Cílem 
je nalezení jednotlivých fází ve zkoumaném materiálu a hlavně lokalizace (mechanicky) nejslabšího místa, jeho 
ovlivnění a následně výroba materiálu o lepších mechanických vlastnostech. 
 Z důvodu velkého množství použitých metod je základní teorie vložena vždy na začátku příslušné kapitoly. 
Taktéž z důvodu značného množství výsledků jsou na konci kapitol uvedeny dílčí závěry. Práce je rozdělena na 
tři části, kdy první se zabývá seznámením s možnostmi modelování mikro-mechanických vlastností a 
provedením experimentů umožňujících posouzení rozsahu platnosti některého modelu. V druhé části je 
provedeno shrnutí současných možností indentačních zkoušek pro měření mechanických vlastností strukturních 
složek betonu a praktické zvládnutí metodiky vhodné k užití pro výzkum materiálů zkoumaných domovským 
pracovištěm. V třetí části je navržena metoda identifikace nejslabších článků struktury anorganických pojiv a její 
ověření na konkrétním materiálu zkoumaném na domovském pracovišti. 
V této dizertační práci jsou použity tyto metody: kalorimetrie, ultrazvukové testování, jednoosá pevnost 
v tlaku, nanoindentace, korelativní mikroskopie a rastrovací elektronová mikroskopie s energiově disperzním 
spektrometrem. 
Dílčími výsledky jsou kompletní charakterizace cementových materiálů, upřesnění stávajících poznatků a 
nalezení optimálního postupu pro charakterizaci. Hlavním výsledkem je inovativní přístup vedoucí 
k pozitivnímu ovlivnění materiálu. 
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1 INTRODUCTION 
1.1 Mechanical properties of inorganic binders 
Measurement of mechanical properties of materials is very important in determining the usability of 
materials. Importance of these measurements is increasing with the increase of use of more sophisticated 
materials. From the viewpoint of material engineering there are essential basic characteristics of materials, such 
as modulus of elasticity, tensile strength, impact strength, etc. The problem with standard measurements of these 
properties is the fact that the obtained result is an integral of contributions of all structural components in the 
sample. Both in terms of common materials and in terms of modern composites it begins to take on the 
importance to know the mechanical properties of the individual components at the level of phase structure. In all 
materials is true that its destruction is initiated at the weakest point. 
One of the well-measurable properties of the materials is hardness. We can say it is the oldest methods of 
measurement which allows researchers to locate mechanical action to the region of sample, which is in the 
interest. 
Hardness is a material property which is closely related with other mechanical properties and therefore we 
should be able to determine the relationship between hardness and other mechanical properties. The biggest 
problem in heterogeneous materials (such as example of geopolymer) is the compactness of material and 
existence of interlayers between the phases. Increasing of compactness significantly positively change the 
mechanical properties strength, hardness, and also brittleness. By interactions of phases during formation of a 
heterogeneous material there can be formed very large amount of transition zones that have different properties 
than the original material from which it originated. 
Our vision is to find what phases or interfaces are the weakest parts of material, affect them efficiently and 
then measure the effect accurately and reliably. This will open the way to real tailoring of material, i.e. the 
preparation and production of materials with properties exactly corresponding to the requirements of real use and 
operation. 
 
1.2 Research on indentation at Faculty of Chemistry  
In recent research and measurement of hardened concretes predominate basic measurements of mechanical 
properties. The most commonly measured properties include compressive strength and flexural strength. 
Methods for which are also made standard are: splitting tensile strength, creep of concrete in compression and 
Fundamental transverse, longitudinal, and torsional frequencies (according to ASTM). 
With this conventional methods cannot be identified (mechanically) the weakest points of material. In the 
weakest points, there is concentrated tension and therefore it is nucleation point for cracking. The crack then 
spreads through the weak phases of material, after exceeding the maximum possible tension and this leads to 
complete failure of material. In short, weak points in the material would be useful to locate because of the 
possibility of targeted influencing of material, i.e. tailoring. 
The first mentions on microstructure of concretes was found in [1]. More detailed observation and research 
of microstructure of the cement matrix, or concrete were published much later in 60s of the 20 century [2]. At 
our faculty (FCH, BUT in Brno) the first works concerning the microstructure of concretes were done in 2004 
[3]. 
For following work, it was necessary to identify prospective directions of the research in the area of 
characterization of concrete on the micrometric scale. During profound literary search, the idea of 
micromechanical models was found to be very promising [4] because of its principle of scaling-up of mechanical 
properties from almost atomic structure to the macrostructure. So that the first part of dissertation is devoted to 
this topic. Then, it seemed to be clear that the use of nanoindentation is almost entirely within the use of 
nanoindentation mapping with following analyses of mechanical properties histograms [5]. On this topic, the 
second part of dissertation is focused. Finally, we have also found some interesting works concerning so called 
“pre-failure cracking” [6]. Use of this method together, with all mentioned before, forms the final part of the 
dissertation, demonstrating its advantage on improvement of properties of real engineering material.   
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Part I – Micromechanical models 
 
2 MICROMECHANICAL MODELS PUBLISHED IN LITERATURE 
2.1 Assumptions and fundamentals of Pichler´s model 
In continuum micromechanics [7-10] a material is understood as macro-homogeneous, but micro-
heterogeneous body filling a representative volume element (RVE). The hydrates non-spherical phase shape 
seems to play an important role in micromechanics-based prediction of the quasi-brittle strength evolution of 
cementitious materials [11,12]. According to [13] for mortar, can be adopted RVE comprising spherical phase 
representing sand grains embedded in a continuous cement paste matrix. 
For the spherical phase embedded in a continuous matrix, use of Mori-Tanaka scheme [10,14,15] will be shown 
to be is appropriate for determining the homogenized stiffness tensor of the cement paste. Since there are also 
needle-like structures in the cement paste. Hill tensors for spherical and cylindrical phases [11,12] will be also 
used. 
The evolution of cement paste-related phase volume fractions during hydration is also very important for further 
discussions and they will be accounted for by the Powers-Acker hydration model [16,17] using densities of 
phases, w/c ratio and hydration degree. 
There were also some experimental results published, that were reasonable for further formulation of 
micromechanical models. Most important for this work are results of Taplin [18] on bound water content in 
cement pastes and its effect on ultimate force in compression tests.  
Very important results on high hydration degrees of Portland clinker were brought by Helmuth and Turk 
[19]. As to get average elasticity constants of hydrates sample consisting of hydration products only would be 
desirable. This is, however, not possible. Material coming closest to the “pure hydrate” was used by Helmuth 
and Turk with volume fractions of water and clinker to be zero fraction of air in pores to be equal 7.1 %vol. and 
the fraction of hydrates to be equal 92.9 %vol.. According these authors the value of w/c = 0.42 should be used to 
prepare samples with unity degree of o hydration. Their data will be used to validate micromechanical model. 
However, their data did not include values obtained at w/c = 0.42. 
 
2.2 Pichler’s multiscale engineering mechanics model 
To obtained homogenized elasticity tensor principle of up-scaling of elasticity is used in three steps Model 
is based on use of quantities of volume fractions, homogenized stiffness tensor of matrix and stiffness tensor of 
spherical phases and Hill tensors for spherical and cylindrical phases.  
First step of homogenization: concerned the hydrate foam. Polycrystalline hydrate foam with spherical 
phases representing water and air and with needle-shaped phases of hydration products exhibiting isotropically 
distributed orientations. Since the hydration products are mutually interacting, as in polycrystal, use of the self-
consistent scheme [20-23] is appropriate for determining the homogenized stiffness tensor of the hydrate foam 
(in following relations the meanings of symbols are as follows: stands for elasticity tensor,  stands for Hills 
tensor,  as the symmetric fourth-order unity tensor with components Iijrs = 1/2(δirδjs + δisδjr), f stands for volume 
fraction and indices abbreviations are: p – pores (water and air), hf – hydrate foam, sph – spherical, cyl – 
cylindrical, hom – homogenized, hyd – hydrate, clin – clinker, cp – cement paste, mo – mortar, san – sand. 
   (1) 
Second step of homogenization of elasticity tensor was performed at the level of cement paste. Since the 
spherical clinker phase is embedded in a continuous matrix built up by the hydrate foam, use of Mori-Tanaka 
scheme [10,14,15] is appropriate for determining the homogenized stiffness tensor of the cement paste. 
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   (2) 
The third step of homogenization was performed at the scale of mortar. Since the spherical sand phase is 
embedded in a continuous matrix built up by cement paste. Use of Mori-Tanaka scheme is again appropriate for 
determining the homogenized stiffness tensor of mortar. 
 
   (3) 
In the part concerning the up-scaling of strength, term of deviatoric stress averages is fundamental. Linear 
elastic behavior prevails as long as the quadratic deviatoric stress averages over each of the hydrate phases 
remain below a critical strength value 
dev
crithyd , . Quadratic stress averages depend on the macroscopic strain onto 
RVE. 
Introducing the model input values, Powers-Acker hydration model [16,17] and results of Helmuth and Turk 
[19] were used. 
Up-scaling of elasticity according the model was then used to identify from the Young´s modulus of almost pure 
hydrates to that of pure hydrates. The predicted value of the Young´s modulus of hydrates 29.158 GPa was 
computed. 
 
2.3 Conclusions of literary search on micromechanics models 
From the discussed Pichler´s paper, one of the crucial topic for further research emerged. It would be very 
useful to validate the model on real concrete samples prepared with value of w/c = 0.42, control their degree of 
hydration and measure their real elastic and strength characteristics. These values can be then used to confirm 
the validity of the model. The first part of this doctoral dissertation is dedicated exactly to this goal.  
At this point, cooperation with a team of prof. Pichler at TU Wien was requested. Most of experiments 
discussed in the dissertation were obtained at this department and we are very thankful for this cooperation to 
prof. Pichler and to his whole team. 
 
3 CALORIMETRY 
3.1 Introduction 
Since the micromechanical model is based on the term of hydration degree, it is essential to find its 
dependence on the age after mixing. Beside this, it is also important to evaluate the significance of w/c ratio and 
significance of fluctuations of temperature inside individual samples on resulting ξ value. For these purposes, the 
calorimetry measurements are the ideal choice.  
 
3.2 Isothermal calorimetry 
Isothermal calorimetry is a popular experimental method for evaluating early-age hydration kinetics, 
typically up to ages ranging from 7 d – 14 d. In recent years, two ASTM standard test methods have been 
developed concerning this technique [24]. ASTM C1702 describes the measurement of heat of hydration using 
isothermal conduction calorimetry, and ASTM C1679 provides a standard practice for measuring hydration 
kinetics of hydraulic cementitious mixtures using isothermal calorimetry. The basic principle is to measure the 
heat generated by the hydration reactions for a specimen of cement paste or mortar that is maintained at 
isothermal conditions. Various commercial devices are nowadays available. 
A related, but alternative experimental technique is quasi-adiabatic calorimetry. Thereby the temperature 
rise in a well-isolated hydrating specimen is monitored over time. This method is currently being considered for 
standardization within ASTM [26].  
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3.3 Kinetics of setting and hardening observed by heat release 
The temporal evolution of overall hydration degree, ξ(t), was calculated according to 
J/g  500
)(
)(
tQ
t  ,      (4) 
where Q(t) is the measured “accumulated heat release” and where it was taken into account that ordinary cement 
produces a hydration heat of 500 kJ/kg [26]. Differentiating (4) with respect to time delivers 
J/g  500
)(
J/g  500
1)()( tQ
dt
tdQ
dt
td  

    (5) 
where )(tQ is the measured rate of heat release. The rate of the hydration degree,  , in turn, can be expressed 
as [27] 







RT
E
A aexp)(
~
 .      (6) 
)(
~
A  is the chemical affinity, T is the absolute temperature of the hardening cement and Ea/R = 4000 K. This is 
a well-accepted value of exponent taken from literature [26]. It includes activation energy of hydration of 
Portland clinker of 33.26 kJ·mol-1.  
Solving (6) for the chemical affinity yields 








RT
E
A
aexp
)(
~ 


.      (7) 
Specifying (7) for (5) and assuming the T = 273.15 + 25 = 298.15 K = const., delivers a parameter form for the 
chemical affinity, with time as the variable, i.e. ))((
~
tA  . Illustrating ξ(t) according to (4) and ))((
~
tA   
according to (7) in a parameter plot, yields the sought relationship )(
~
A . 
 
3.4 Evolution of hydration degree 
The chemical affinity )(
~
A together with the temperature measurements T(t) allow for determination of the 
time-evolution of hydration degree. Therefore the relationship has to be integrated over time. This is done 
numerically using MATLAB, setting Ea/R = 4000 K [26]. The computation is initialized with t1 = 0 and ξ1 = 0. 
Since very small time steps were used, an explicit integration scheme was implemented. If the values of ti and ξi 
are known, value of ξi+1 (corresponding to ti+1 = ti + Δt) can be computed. First, the rate of the hydration degree 
is determined at time ti: 










))(15.273(
exp)(
~
i
a
ii
tTR
E
A  ,    T(ti) in °C  (8) 
Assuming that this rate is constant in the time interval [ti; ti+1], time integration becomes straightforward: 
tiii  

1
.      (9) 
For all three samples, very similar curves of relation ξ = f(t) were obtained (Figure 1). These curves were 
delivered by time integration of equation (8) with a time step size Δt amounting to one minute. Data for (8) were 
got from chemical affinity function and temperature curves. 
 The maximum difference between the computed hydration degrees was obtained 13.7 h after production of 
the samples and amounts to 3.9 %. At that time, the samples have reached hydration degrees between 27.4 % and 
31.3 %, i.e. the obtained difference is negligible with respect to the absolute hydration degree. 
We conclude that the temperature fluctuation stemming from the exothermic hydration process have a non-
significant influence on the time evolution of the hydration degree. The ξ(t) relationship obtained under the 
assumption of a constant temperature T = 25 °C is a very good estimate for the samples stored in the climate 
chamber (Figure 1). 
As a point for discussion, we can recall the value of activation energy. For the purposes of the dissertation, 
the value of Ea/R = 4000 K [26] was always taken into account, corresponding to activation energy of hydration 
of Portland clinker of 33.26 kJ·mol-1. Since this is really fundamental parameter for the evaluations, we searched 
the literature for other published values. Our value match usually referred span of 33 – 39 kJ·mol-1 [28-33], 
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measured by various techniques (calorimetry, neutron scattering etc.) assuming the hydration of C3S in pure 
water. However, also the value of 51 kJ·mol-1 was published in [33], but such values are quite rare. This literary 
search confirmed that our fundamental parameter of Ea/R = 4000 K can be accepted to be correct. 
 
 
Figure 1: Dependence of the hydration degree on time for individual samples (different temperatures) stored in 
the climate chamber 
 
3.5 Conclusions of calorimetry 
We obtained the curve of hydration degree’s dependence on time. It was found, that using pastes with value 
of w/c ratio higher than 0.6 doesn’t bring any advantage. The influence of small differences of temperature in 
individual samples of the set was found to be negligible. Based on this all, samples of controlled hydration 
degree can be prepared for further mechanical testing. 
 
4 ULTRASONICS TESTING 
4.1 Introduction 
Ultrasonics testing uses high frequency, highly directional sound waves to measure material thickness, find 
hidden internal flaws, or analyze material properties in metals, plastics, composites, ceramics, rubber, and glass. 
Using frequencies beyond the limit of human hearing, ultrasonics instruments generate short bursts of sound 
energy that are released into the test piece, and the instrument monitors and analyzes reflected or transmitted 
wave patterns to generate test results [34]. 
Longitudinal waves have the same direction of vibration as their direction of travel, which means that the 
movement of the medium is in the same axe as the motion of the wave. Mechanical longitudinal waves have 
been also referred to as compression waves. In case of shear or transverse waves, the motion is perpendicular to 
the direction of wave propagation. 
For this dissertation the ultrasonics testing was used to obtain of elasticity modulus (shear modulus G, bulk 
modulus K, Young’s modulus E and Poisson’s ratio ν) at all times of hardening of cement paste. The values will 
be used for comparison with the Pichler’s model. To determine to what of hydration degree the elastic models 
can be compared with the Pichler's model. Because at higher hydration degrees it can be expected deviations 
from Pichler model due to evaporation of water and other non-ideality. Ultrasonics experiments were also 
performed for check of the quality of production of the involved test specimens. 
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4.2 Theoretical background – ultrasonics testing 
In continuum (micro)mechanics, material properties are related to a representative volume element RVE, 
with a characteristic length lRVE being considerably larger than the characteristic size of the heterogeneities d 
inside the RVE. A material test requires homogeneous stress and strain states. Hence, the characteristic length of 
the RVE, lRVE, needs to be much smaller than the wavelength λ representing the characteristic length of the 
loading in an ultrasonics test, mathematically, 
d << lRVE<< λ.      (10) 
The diameter of clinker grains constituting cement range from 1 to 100 μm. For our purposes, the term “much 
smaller (<<)” can be sufficiently expressed by a factor of 5 [35]. Therefore, separation of scales according to 
(10) implies that  
lRVE ≈ 0.5 mm,    λ ≥ 2.5 mm.    (11) 
Excitation frequency f and wave velocity v of an ultrasonics test give access to the wavelength λ, through 
λ =v/f.       (12) 
Since the wavelength depends on the wave speed through the tested material, it can only be checked a posteriori 
whether or not a specific test satisfied scale separation condition (10). 
 
4.2.1 Theory for evaluation of modules 
Since the wavelength is considerably smaller than the characteristic diameter d = 30 mm of the sample 
surface where the transducer is applied, the specimen can be approximated as infinite medium [36]. Thus, 
combination of the conservation law of linear momentum, of the generalized Hooke’s law, of the linearized 
strain tensor, and of the general plane wave solution for the displacements inside an infinite solid medium will be 
the base for further formulations.  
Bulk modulus K, Young’s modulus E and Poisson’s ratio ν follow as: 
12121111
3
4
CCK  ,      (13) 
 
12121111
121212121111 43
CC
CCC
E


 ,     (14) 
 12121111
12121111
2
2
CC
CC


 .      (15) 
Thus, combination of the conservation law of linear momentum, of the generalized Hooke’s law, of the 
linearized strain tensor, and of the general plane wave solution for the displacements inside an infinite solid 
medium yields the elasticity tensor components as functions of the material mass density and the propagation 
velocity of the bulk waves [36]: 
C1111 = ρ . vL
2
 ,       (16) 
C1212 = G = ρ . vT
2
,      (17) 
where G is shear modulus, vL is velocity longitudinal waves and vT is velocity shear waves. 
 
4.2.2 Study on influence of mass density 
During hydration of sealed cement paste, clinker and water are consumed, while the apparent mass density 
is constant. If the material sample is not sealed, water evaporates from the surface of the sample affecting this 
way apparent (macroscopic) mass density. Monitoring of mass changes allows for assessing the amount of lost 
water. Complete hydration of initially stoichiometric samples (w/c = 0.42) is, of course, impossible in such case. 
Therefore, the evolution of the mass of the tested samples was measured, from early age on. 
Theoretical mass density, ρtheor, is calculated as: 
w
w
c
c
wc
tot
tot
theor


mm
mm
V
m


 ,     (18) 
where mc and mw are the masses of cement and water, respectively, and where ρc and ρw denote the mass 
densities of cement and water. Multiplying (18) by (1/mc)/(1/mc) and evaluating the resulting expression for 
mw/mc = 0.42 delivers the theoretical mass density of stoichiometric cement paste (w/c = 0.42) as 
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  3cwtheor
w
cw
c
cw
theor cmg  9255.142.0        1
1



 mm
mm
mm


 ,  (19) 
where use was made of ρc = 3.15 g/cm
3
 and ρw = 1.00 g/cm
3
, air mass to be neglected. 
Since cement paste samples always comprise small entrapped air pores, the actual mass density ρmacro differs of 
the theoretical value. Measuring the water-to-cement mass ratio mw/mc during production and the actual mass 
density ρmacro opens the door to assessing the volume fraction of the entrapped air. To this end, the pore volume 
Vp is considered as an additional factor, such that the actual mass density may be expressed as 
p
w
w
c
c
wc
tot
tot
macro
V
mm
mm
V
m




 .    (20) 
The volume fraction of pores fp is standardly defined as 
tot
p
p
V
V
f   
and follows from (20) as 















c
w
c
w
c
w
w
macro
p
1
1
m
m
m
m
f




.     (21) 
Due to evaporation, water is leaving the sample and the total mass of the sample decreases while the total 
volume remains constant. This is the motivation to modify Eg. (20) in the following way (with mass of water to 
be a function of time): 
 
   
p
w
w
c
c
wc
tot
tot
macro
V
mm
tmm
V
tm
t




 .    (22) 
Assuming that the water loss is uniform throughout the sample, an effective water-to-cement mass ratio w/ceff(t) 
= mw(t)/mc follows from (22) as 
  101
)0(
)(
)(/
macro
macro
eff 







 t
c
w
t
t
tcw


.   (23) 
If the final effective water-to-cement mass ratio is smaller than 0.42, i.e. if a substoichiometric cement paste is 
obtained, there is not enough water for complete hydration so the chemical reaction will stop at a hydration 
degree 
42.0
)(/
max eff


tcw
 .     (24) 
The volume fraction of entrapped air pores in the samples ranged from 0 to 2.208 %. This indicates a 
satisfactory production quality. When stored in the climate chamber at a relative humidity of 80 % for eight 
days, samples lose 4 % of their total mass. Hence, the final effective water-to-cement mass ratio ranged from 
0.355 to 0.364. Therefore, the samples can reach – on average – a maximum hydration degree ranging from 
84.45 % to 86.75 %, calculated according to Eq. (24). 
 
4.3 Outline of experiments 
Main task is to get elasticity modulus (shear modulus G, bulk modulus K, Young’s modulus E and 
Poisson’s ratio ν) for comparison with Pichler's modulus. Next task is to verify that the sample preparation 
reaches a good level of quality. To achieve this, following steps will be performed: 
 Measurement of longitudinal and of transversal (shear) waves during hardening. 
 Computational evaluation of shear modulus G, bulk modulus K, Young’s modulus E and Poisson’s ratio 
ν over hydration degree. 
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 Observing whether outliers are present (in curves – dependence of elasticity values on hydration 
degree). 
 Comparison of values with those obtained by Pichler´s model 
 
 
4.3.1 Evaluation of elasticity over hydration degree 
Following diagrams showing the stiffness evolution with increasing hydration degree were obtained as 
follows: The ages of the samples at the time instant of ultrasonics testing were transformed into hydration 
degrees using the hydration degree-time relationship determined in Section 3, see curve labeled with T = 25 °C 
in Figure 1. The wave speeds obtained from the evaluation of the ultrasonics tests were transformed into 
components of the isotropic fourth-order elasticity tensor according to Eqs. (13 – 17). To this end, we used the 
theoretical mass density of stoichiometric cement paste, amounting to 1.9255 g/cm
3
, see (19). 
 
Figure 2: Dependence of Young’s modulus on hydration degree for samples 30 November 2010 to 18 January 
2011 
 
Figure 3: Dependence of shear modulus on hydration degree for samples 30 November 2010 to 18 January 2011 
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Figure 4: Dependence of bulk modulus on hydration degree for samples 30 November 2010 to 18 January 2011 
 
 
Figure 5: Dependence of Poisson’s ratio on hydration degree for samples 30 November 2010 to 18 January 2011 
 
4.4 Conclusion of ultrasonics testing 
Elastic stiff nesses increase with increasing maturity up to hydration degrees amounting to approximately 
60 %, but for higher hydration degrees, the stiffness’s show unexpected quasi-plateaus, i.e. no stiffness gain with 
increasing maturity. In addition, “final” Young's modulus attains values amounting to approximately 16 GPa 
which is by 9 GPa smaller than expected [4]. This is probably a result of losing water by means of evaporation 
during storage in the climate chamber. This fact will be discussed later, in section dealing with uniaxial 
compression testing (Section 5) 
Extrapolating – by hand – the trend of the Young's modulus evolution obtained for hydration degrees 
between 0.1 and 0.4 such that the expected final Young's modulus amounting to 25 GPa (Figure 6) is reached at 
completed hydration (ξ = 1), we identify that the test evaluations are consistent with theoretical expectations up 
to hydration degrees of approximately 40 %, i.e. the obtained stiffness results are too small for hydration degrees 
larger than, say 45 %. Hence, we conclude that the evaporation problem may be disregarded at rather early ages 
only. It has been found that it is useful to avoid of water evaporation during hardening.  
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Figure 6: Extrapolating – by hand – the trend of the Young's modulus evolution obtained for hydration degrees 
range between 0.1 and 0.4  
 
5 UNIAXIAL COMPRESSION 
5.1 Introduction 
Using uniaxial compression testing, it can be obtained compressive strength σ at all times of hardening of 
cement paste. Compressive strength is necessary for identification of deviatoric hydrate strength from the 
Pichler’s model. It is also important to determine whether the values of compressive strength are corresponding 
of Picher's model for all of hydration degree. 
 
5.2 Theoretical background – uniaxial compression 
Uniaxial stress is a force density. Therefore, it can be expressed as 
A
F
 ,      (25) 
where F is the measured force, and A stands for the undeformed cross-sectional area given as: 
4
2d
A  ,       (26) 
where d denotes the diameter of the cylindrical specimen. 
The area is either the undeformed area or the deformed area, depending on whether engineering stress or true 
stress is to be calculated [37]. Since deformations are very small when investigating cement paste samples, both 
areas are approximately the same and the undeformed cross-sectional area (used in next chapters) is a good 
approximation for the deformed cross-sectional area. 
Compressive stress (or compression) is the stress state caused by an applied load that acts to reduce the 
length of the material (compression member) in the axis of the applied load. A simple case of compression is the 
uniaxial compression induced by the action of two opposite, pushing forces. Compressive strength of brittle 
materials is generally larger than the tensile strength. However, structures loaded in compression are subject to 
additional failure modes dependent on geometry, such as Euler buckling.  
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5.3 Outline of experiments 
Main task is to get reliable relationship of compressive strength σ = f(ξ) since it will be needed for 
identification of deviatoric hydrate strength from the Pichler’s model. Next task it is to determine to what 
hydration degree. The Pichler's model is compatible with obtained values of compressive strength. To achieve 
this, following steps will be performed:  
 Optimization of measurement practice – effects of evaporation protection and load plate friction 
 Measurement of compressive strength during hardening. 
 Compare of measured values of compressive strength with theoretical development of compressive 
strength. 
 
5.4 Test results for CEM I 52.5 R – no evaporation protection, no friction 
reduction 
We intended to perform destructive compression tests at hydration degrees amounting to 0.1, 0.2, 0.3, 0.4, 
0.5, 0.6, 0.7, and 0.8. Three samples were crashed at each hydration degree. Therefore, we produced 8 x 3 = 24 
specimens and stored them in the (well ventilated) climate chamber at 80 % relative humidity until they had 
reached (theoretically) the target hydration degree. Therefore we used the hydration degree-time relationship of 
Section 3 (see Figure 1) to predict the required curing times. 
The measured size of the specimen together with the determined mass allowed for evaluation of the 
apparent mass density of the samples, which was taken as a quality indicator (Figure 7). Samples exhibiting a 
mass density smaller than 1915 g/cm
3
 were assumed to contain defects in from of macropores. They were taken 
out of the further considerations. 
Tests carried out at hydration degrees amounting to approximately 0.1, 0.2, 0.3, and 0.4, respectively, 
showed only small scatter (see Figure 8) although they were also affected by damaging events in the pre-peak 
regime. Still, they can be well explained by the micromechanical model of [4]. Samples with hydration degrees 
equal to or larger than 50 % showed significant more scatter. The maximum strength was surprisingly obtained 
for samples with hydration degrees amounting to 60 %. Samples exhibiting hydration degrees amounting to 
80 % reached compressive strength values which are by a factor of 2 smaller than the theoretical expectations 
stemming from the aforementioned micromechanics model. 
 
 
Figure 7: The mass density for the CEM I 52.5 R – no evaporation protection, no friction reduction 
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Figure 8: Compressive strength for CEM I 52.5 R – no evaporation protection, no friction reduction 
 
5.5 Further improved testing routine – evaporation protection, friction 
reduction 
The source of the friction problem is that the load plate shows almost no radial displacements in the contact 
area with the specimen, while the second sample would like to slide radially according to Poisson's effect. The 
load plate shows no radial displacement, since the circular load plate has a diameter of 15 cm, i.e. it is by a factor 
of 5 larger than the specimen. In the region with contact to the specimen, there are compressive stresses acting in 
direction of loading also in the load plate. Theoretically speaking, the material of the load plate would like to 
show Poisson's effect (i.e. to slide radially), but the stressed material of the load plate is surrounded by an 
annular steel ring (the rest of the load plate) which has (at least at the surface) no normal stresses in direction of 
loading. This results in a strong confinement of the loaded part of the load plate, reducing radial displacements 
of the loaded part practically to zero. 
In order to reduce friction in the interface between the load plate and the specimen, the specimens were 
separated from the load plate by several intermediate layers. Since they are all connected in series (and not in 
parallel) the layered layout of the compression test does not influence the load level which is to be transferred 
through the specimen, i.e. the obtained strength values (maximum forces) remained unaffectedly reliable. We 
investigated several different possibilities, resulting in the following recommended procedure. The load plate 
transfers the load to a circular disk of latex (diameter 44 mm, width 0.77 mm) which allows for balancing 
potential small geometrical irregularities (non plane parallelity of the end surfaces) of the specimen. The latex 
disk is in contact with a metal disk (diameter 40.10 mm, width 1.18 mm) which exhibits a Poisson's ratio not so 
very much different to the one of hydrating cement paste. Therefore the metal plate and the surface of the 
specimen are separated by two layers of teflon sheets in order to reduce the friction between the thin metal disk 
and the specimen to a minimum. This sequence of layers was used at both circular end surfaces of the specimen 
(specimen – teflon – teflon – metal disk – latex disk – load plate). 
The described countermeasures against friction showed positive results when testing cement paste samples 
produced with CEM I 42.5 N at hydration degrees of 40 %, 50 %, 60 %, 70 % and 80 %, respectively: (I) we did 
not observe any damaging events (edge failures or other cracks) in the pre-peak regime, (II) the scatter of the 
results (6 tests at ξ = 40 %, 6 tests at ξ = 50 %, 6 tests at ξ = 60 %, 6 tests at ξ = 70 %, and 3 tests at ξ = 80 %) 
were significantly smaller than previously, and (III) the obtained strength values were significantly larger than 
the ones obtained without counteractions against friction. Still, the obtained results did not entirely reflect our 
expectations stemming from the validated micromechanics model [4]. 
In this context, it is interesting to study the evolution of Young's modulus, extracted from ultrasonics 
measurements, see Figure 11. Extrapolating – by hand – the trend of the Young's modulus evolution obtained for 
hydration degrees between 10 and 50 % such that the expected final Young's modulus amounting to 25 GPa is 
reached at completed hydration (ξ = 100 %), we identify that the ultrasonics-based results are consistent with 
theoretical expectations up to hydration degrees of approximately 50 %, but that the ultrasonics-based results 
start to be too small for larger hydration degrees. This is an indicator, that evaporation protection is not the only 
problem which is significant during curing of the samples, but that leaching effects took place. The solution 
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which was used to store the samples, was not lime saturated resulting in lime leaching, and this effect becomes 
more and more prominent the larger was the hydration degree. While this is already visible form the relationship 
between stiffness and hydration degree (Figure 11), it is even more obvious from the strength results, see Figure 
9. 
We conclude that the tests carried out at hydration degrees smaller or equal than approximately 50 % are 
not affected by lime leaching. These tests were used to back-analyze – based on the micromechanics model of 
[4] – the microscopic deviatoric hydrate strength of the hydration products. The adjusted model [4] prediction 
agrees very well with the measurements, i.e. the quadratic correlation coefficient amounts to very satisfactory 
99.35 %. The corresponding deviatoric hydrate strength was identified as 
 
dev
crithyd ,  = 67.73 MPa      (27) 
 
In the same line of argumentation, strength tests with counteractions against friction were carried out for 
the CEM I 52.5 R, see Figure 12. Again, the scatter was significantly reduced, and the measurements result in a 
consistent trend for the relationship between increasing strength and increasing hydration degree. Now the 
question arises, to which extend the lime leaching problem was also encountered. 
Extrapolating (in Figure 14) – by hand – the trend of the Young's modulus evolution obtained for hydration 
degrees between 0.1 and 0.5 such that the expected final Young's modulus amounting to 25 GPa is reached at 
completed hydration (ξ = 1), we identify that the ultrasonics results are consistent with theoretical expectations 
up to hydration degrees of approximately 50 %, but that they start to be too small for larger hydration degrees. 
This is an indicator, that again lime leaching effects took place.  
We conclude that the tests carried out at hydration degrees smaller or equal than approximately 50 % are 
not affected by lime leaching. These tests were used to back-analyze – based on the micromechanics model of 
[4] – the microscopic deviatoric hydrate strength of the hydration products. The correlation between the adjusted 
model prediction and the measurements is quantified by the quadratic correlation coefficient which amounts to 
91.49 %. The corresponding deviatoric hydrate strength was identified as 
 
dev
crithyd ,  = 92.51 MPa      (28) 
 
 
 
Figure 9: Compressive strength for CEM I 42.5 N – evaporation protection, friction reduction 
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Figure 10: The mass density for CEM I 42.5 N – evaporation protection, friction reduction 
 
 
Figure 11: Elastic stiffnesses (Young’s modulus E, shear modulus G and bulk modulus K) for CEM I 42.5 N – 
black points: evaporation protection, friction reduction – obtained using ultrasonics testing 
 
 
Figure 12: Compressive strength for CEM I 52.5 R – evaporation protection, friction reduction 
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Figure 13: The mass density for CEM I 52.5 R – evaporation protection, friction reduction 
 
 
Figure 14: Elastic stiffnesses (Young’s modulus E, shear modulus G and bulk modulus K) for CEM I 52.5 R – 
evaporation protection, friction reduction – obtained using ultrasonics testing 
 
5.6 Discussion of different quadratic correlation coefficients 
CEM I 52.5 R with a specific surface amounting to 5400 cm
2
/g is so fine that it is difficult to handle. This 
includes preparation of samples in a stoichiometric mixture with water (w/c = 0.42) as well as calorimeter tests 
in which mixing of cement and water can only be accomplished by the water injection process. In these two 
contexts, CEM I 42.5 N with a specific surface amounting to 3000 cm
2
/g is much simpler to be handled. This 
might explain why strength results obtained with CEM I 42.5 N comply much better with expectations from a 
validated micromechanics model than the corresponding results obtained with CEM I 52.5 R. A final conclusion, 
however, cannot be drawn, since this would require additional tests. 
5.7 Conclusion of uniaxial compression testing 
For each hydration degree it was obtained a sufficient number of (reliable) values of compressive strength. 
By using of Pichler's model the values deviatoric hydrate strength were identified 
dev
crithyd ,  = 92.51 MPa for 
CEM I 52.5 R and 
dev
crithyd ,  = 67.73 MPa for CEM I 42.5 N. Improvements were found for a more accurate 
characterization of examined material. For ideal course of hydration there is useful to prevent of evaporation of 
water by curing in the solution saturated by lime. During loading of sample in testing machine there is suitable to 
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reduce friction between sample and the load plate. These improvements are recommended for use for any other 
work. 
After optimization of procedure, compressive strength corresponded to model up to hydration degree 0.5 
and values of stiffness quantities kept agreement with model up to 0.6.  
It can be therefore concluded that: 
1) Model predictions are valid at least to ξ = 50 %,  
2) For further experiments we can recommend lime saturated solution curing and friction reduction by system of 
specimen – teflon – teflon – metal disk – latex disk – load plate. 
 
6 CONCLUSION OF PART I – MICROMECHANICAL MODELS 
6.1 Conclusions in the context of prof. Pichler´s model 
The adjusted Pichler's model [4] prediction agrees very well with the measurements. The value of 
deviatoric hydrate strength was identified as 
dev
crithyd ,  = 92.51 MPa for CEMI 52.5 R. The correlation between 
the adjusted model prediction and the measurements is quantified by the quadratic correlation coefficient which 
amounts to 91.49 %. The value of deviatoric hydrate strength was identified as 
dev
crithyd ,  = 67.73 MPa for CEM I 
42.5 N with the quadratic correlation coefficient amounts to very satisfactory 99.35 %. Due to evaporation of 
water or lime leaching during of curing process the Pichler's model was validated for hydration degree to 0.5. 
Finally, these results were included in a scientific paper [38] published in March 2013 by prof. Pichler´s team. 
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Part II – Indentation tests 
 
7 NANOINDENTATION  
7.1 Introduction 
Nanoindentation is a powerful experimental technique which is being developed for more than a decade 
together with precise device fabrication, characterization of lower scale physical laws, theories and small scale 
numerical modeling. Nowadays, it is fairly widely used for assessing of mechanical properties of small material 
volumes at nano and micrometer range. 
The principle of nanoindentation lies in pushing a very small tip into the plane surface of a material, producing 
an imprint. It is used for identification of material parameters such as an elastic indentation modulus, a hardness 
value, as well as plastic or viscous parameters from experimentally determined relationships between indenter 
load and depth of penetration. Forces involved are usually in the milli– or micronewton range and the 
indentation depth is in the order of several hundreds of nanometers up to a few micrometers. Different shapes of 
indenters can be used for making an imprint into the material surface, ranging from blunt tips to so-called 
Berkovich tips.  
The main advantage compared to classical mechanical tests is that a very small material volume having typically 
the order of several tens of nanometers. Therefore it can be accessed with the tip of the nanoindenter and 
material properties can be evaluated for such a small piece of the material. When testing such small volumes, 
one should realize which material or structural feature can be affected. For illustration, some typical ones are 
summarized in Table 1. [39] 
Nanoindentation experiments performed on the basis of a grid indentation technique and evaluated in the 
well-accepted framework of statistical deconvolution [39-41] provides access to hardness values of different 
hydration products, representing microstructural components of the micro-heterogeneous material cement paste. 
For this dissertation the nanoindentation testing was used to obtain of indentation modulus M and 
nanoindentation hardness H on the surface of samples - CEM I 52.5 R, CEM I 42.5 N, geopolymer concrete 
(GC) and influenced geopolymer concrete (IGC). The nanoindentation measurements were used for localization 
of individual phases and their volume fraction. 
 
Table 1: Length scales of some typical features. [39] 
Feature  Typical dimension 
Concrete aggregate  10 – 100 mm 
Sand particle  0.1 – 1 mm 
Human hair  50 – 100 µm 
Cement clinker grain  1 – 100 µm 
Gel structures in hydrated cement ≈ 10 – 100 nm 
C-S-H gel globules ≈ 5 nm 
Carbon nanotubes SWNT  ≈ 2 nm 
Water molecule  0.15 nm 
Atom of carbon  0.1 nm 
 
7.2 Nanoindentation - theoretical background 
7.2.1 Nanoindentation in natural composites 
It is well-accepted that the response measured at the beginning of the unloading phase is governed by 
elastic properties of the indented material. The indentation technique consists of establishing contact between an 
indenter of known geometry and mechanical properties (typically diamond) and the indented material for which 
the mechanical properties are of interest, and subsequently determining the penetration depth h as a function of 
increasing indentation load P (P – h curve, see Figure 15A). The standard way of extracting mechanical 
properties is based on a continuum scale mechanical model which delivers two quantities: indentation hardness 
H and indentation (reduced) modulus M 
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c
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def
A
P
H  ,      (29) 
c
def
2 A
S
M

 .      (30) 
Except for the projected area of contact Ac, all quantities required to determine H and M are directly obtained 
from the P – h curves: the maximum applied force Pmax, the corresponding maximum indentation depth hmax, the 
unloading slope of the force–indentation depth diagram,  
max
d/d hhhPS  , and the residual indentation depth 
hf (in next section hf = hmax = h) observed after full unloading of the material surface (Figure 15B). The contact 
area Ac is commonly estimated as a function of the maximum indentation depth hmax. Furthermore, the 
indentation modulus M can be linked to the elastic constants of the indented material by applying a linear elastic 
model to the indentation problem. In the isotropic case, M reduces to the plane-stress elastic modulus, 
GK
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M
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,     (31) 
where E is the Young’s modulus, ν the Poisson’s ratio; G is the shear modulus and K the bulk modulus of the 
indented isotropic material. Similarly, the hardness H can be related to strength properties, namely the cohesion c 
and the friction angle φ of the indented material, and the cone angle θ of the used indentation tip: 
 ,FcH  ,      (32) 
where F (φ, θ) is a dimensionless function. [40] 
During an indentation test, an indenter probe is pushed into a sample and then withdrawn by decreasing the 
applied force. The applied load P and depth of penetration h into the sample are continuously monitored. A load 
vs. depth curve can be generated from the collected data. The contact area is determined from a probe area 
function A(hc) where hc , the contact depth, is given as [42] 
S
P
hhc
max
max  .      (33) 
To account for edge effects, the deflection of the surface at the contact perimeter is estimated by taking the 
geometric constant ε as 0.75 (for Berkovich tips). 
The cross-sectional area of an indent shown in Figure 16 illustrates the relationship of P, A, hc, and h. [42] 
 
A:    B:  
Figure 15: A: Indentation force–indentation depth curves, P–h: (a) regular response satisfying self-similarity; (b) 
irregular response with jump in displacement due to fracture. B: Principle of nanoindentation. [40] 
 
 
Figure 16: Schematic of indentation [42] 
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When indenting into a homogeneous material, the separation of scale condition must be satisfied: 
d << L  << h,      (34) 
where L  is the representative elementary volume (rev), which must be much greater than the size of the largest 
heterogeneity of size d contained in the rev; and much smaller than the indentation depth h, which deﬁnes the 
order of length magnitude of the strain gradient variation in the microstructure. [40] 
 
7.2.2 Deconvolution technique 
Natural composite materials are generally heterogeneous and, hence, more complex, requiring the use of 
some elementary statistics relations to analyze the indentation data. Thereby, it is standardly assumed [40] that 
the distribution of the mechanical property x = M, H of each microstructural phase J can be approximated by the 
normal or Gaussian distribution: 
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where μJ is the arithmetic mean of all NJ values of each phase, while the standard deviation sJ is a measure of the 
dispersion of those values: 
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Figure 17: Schematic representation of three testing strategies. Top: Large indent producing average properties. 
Middle: Small indents pointed into one phase. Bottom: Large grid of small indents produced over large sample 
area. The overall property histogram is a convolution of results from several phases in this case. [39] 
 
In the case of indentation through all phases, n = 1, corresponds to the case of a homogeneous material (Figure 
17 – top), for which mean value and standard deviation describe the properties of the material in a statistical 
sense. In the case of a heterogeneous material consisting of n > 1 phases (J = 1, ... ,n), that are all statistically 
scattering according to a normal distribution (Figure 17 – bottom), and which do not (mechanically) interact with 
each other, the overall frequency distribution of the mechanical property x = (M, H) can be expressed to the 
following theoretical probability density function: 
,)()(
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where fJ = NJ /N is the surface fraction occupied by phase J on the indented surface, which is subjected to the 
constraint: 
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The described deconvolution problem involves 3n – 1 unknowns; that is three unknown per phase, μJ, sJ, fJ, 
reduced by the compatibility condition (38). If those empirical frequency densities are obtained by 
nanoindentation in form of discrete values Pi, the unknowns can be determined by minimizing the following 
error: 
     Find (μJ, sJ, fJ) from min 
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where Pi is the observed value of the experimental frequency density;  
n
J iJJi
xpfxP
1
)()(  is the value of 
the theoretical probability density function shown in Eq. (37) at point xi, and m is the number of intervals (bins) 
chosen to construct the histogram. The number of observed values Pi should exceed the number of unknowns, 
and must necessarily be smaller than the total number of tests N carried out on the surface; hence [40] 
.13 Nmn        (40) 
 
8 NANOINDENTATION - ORIGINAL RESEARCH RESULTS 
8.1 Characteristics of the performed grid-indentation indentation analyses 
For each tested sample, four grid indentation analyses (where each analyses consisted of 144 individual 
indentation experiments) were carried out: displacement and force controlled analyses with different grid 
spacing, described in next section. 
Displacement-controlled analyses exhibited a targeted maximum indentation depth of 200 nm which is in 
perfect agreement with the appropriate indentation depth-interval for characterization of C-S-H phases (100-
300 nm). During loading, an indentation speed of 20 nm/s was chosen, i.e. the targeted indentation depth was 
reached of 10 seconds. This was followed by a holding phase lasting for 5 seconds, during which the indentation 
depth was held constant. Unloading was again carried out with a speed of 20 nm/s such that unloading lasted 
again for 10 seconds. 
Force-controlled analyses exhibited a targeted maximum indentation force of 1200 μN. A loading rate 
amounting to 120 μN/s was chosen, in order to reach the targeted maximum indentation force after 10 seconds. 
This was followed by a holding phase lasting for 5 seconds, during which the indentation force was held 
constant. Unloading was again carried out with a rate amounting to 120 μN/s such that unloading lasted again for 
10 seconds. 
Force-controlled analyses resulted in maximum indentation depths with a great variability. In order to 
extract test suitable for C-S-H characterization, only those test were considered for further evaluation, whose 
maximum indentation depth ranged from 100 to 300 nm is satisfied. This reduced data set is subsequently 
referred to as “filtered data set”. 
For the grid indentation technique, to different choices for grid point of spacing were performed 10 μm and 
50 μm. A rectangular grid with 12 × 12 grid points was used for each analysis, resulting in 144 individual 
measurements. 
 
8.2 CEM I 52.5 R: deconvolution with constraint regarding volume fractions 
Differences of phase volume fractions described in the previous paragraph were the motivation to extend 
the statistical deconvolution towards a constraint optimization, where optimal Gaussian distributions for both 
modulus and hardness were determined simultaneously, and where the same phase volume fractions were used 
for optimization tasks.  
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8.2.1 Analysis of displacement-controlled indentation tests 
 (a) (b)  
Figure 18: Indentation modulus M (a) and indentation hardness H (b) for CEM I 52.5 R – controlled depth – 
constraint optimization 
 
M (displacement-controlled – 200 nm)  H (displacement-controlled – 200 nm) 
P: M = 12.4 +/- 1.4 GPa P: H = 0.22 +/- 0.14 GPa f = 0.0264 
LD: M = 20 +/- 4  GPa LD: H = 0.54 +/- 0.15 GPa f = 0.506 
HD: M = 29 +/- 4  GPa HD: H = 0.81 +/- 0.18 GPa f = 0.34   (41) 
CH: M = 40 +/- 4  GPa CH: H = 1.24 +/- 0.24 GPa f = 0.127 
8.2.2 Analysis of force-controlled indentation tests with 100 nm < h < 300 nm 
 (a)      (b)  
Figure 19: Indentation modulus M (a) and indentation hardness H (b) for CEM I 52.5 R – controlled force – 
constraint optimization 
 
M (force-controlled – 1200 μN) H (force-controlled – 1200 μN) 
P: M = 7.5 +/- 1.2 GPa P: H = 0.16 +/- 0.13 GPa f = 0.000493 
LD: M = 22 +/- 4  GPa LD: H = 0.68 +/- 0.15 GPa f = 0.37 
HD: M = 32 +/- 4  GPa HD: H = 1.04 +/- 0.19 GPa f = 0.432   (42) 
CH: M = 42 +/- 4  GPa  CH: H = 1.49 +/- 0.24 GPa f = 0.197 
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8.2.3 Analysis of all indentation tests with 100 nm < h < 300 nm 
(a)  (b)  
Figure 20: Indentation modulus M (a) and indentation hardness H (b) for CEM I 52.5 R – all data – constraint 
optimization 
 
M (all indentation tests)  H (all indentation tests) 
P: M = 11.7 +/- 1.2 GPa P: H = 0.21 +/- 0.13 GPa f = 0.0152 
LD: M = 21 +/- 4  GPa LD: H = 0.60 +/- 0.14 GPa f = 0.383 
HD: M = 30 +/- 4  GPa HD: H = 0.91 +/- 0.19 GPa f = 0.412   (43) 
CH: M = 41 +/- 4  GPa CH: H = 1.41 +/- 0.24 GPa f = 0.19 
 
8.3 Discussion of nanoindentation tests 
Evaluations of indentation modulus and hardness were performed in the range of theoretical values. The 
question is whether the results should not to be fit with other Gaussian curves. During that process there can be 
found other phases than those described in the literature [39-41]. Therefore, this process is proposed for further 
work dealing with more sophisticated exploration of hardened cement matrix. There is the potential to 
demonstrate other types of packing (ULD – ultra low density, UHD – ultra high density, etc.) in cement with a 
high water-to-cement mass ration ie. with a high of hydration degree. UHD has been demonstrated only in 
cement with a low w/c [43]. Typical types of packing in ordinary cement are shown in Figure 21. Another 
question it is whether phase CH is correctly and if this is not UHD C-S-H gel as described in [44]. 
On the histograms for all measurements can be seen:  
CEM I 52.5 R (Figure 20) broader peak of the hydrated cement (LD and HD C-S-H gel) volume fraction 
fCSH = fLD + fHD = 79.5 % of the total volume of cement sample. 
CEM I 42.5 N is this area narrower fCSH = fLD + fHD = 68.0 % 
From the results of nanoindentation it was also found that in CEM I 52.5 R unhydrated clinker content was 2 % 
(with M = 75-121 GPa) and in CEM I 42,5 N unhydrated clinker content was 4 % (with M = 75-158 GPa). The 
total values of M and H are therefore influenced of the content of unhydrated clinker. 
 
Figure 21: Explanation of packing density (LD and HD C-S-H gel) in the ordinary concrete with w/c = 0.5 [45] 
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The overall indentation modulus CEM I 52.5 R is 28 ± 4 GPa, and for CEM I 42.5 N is 33 ± 4 GPa. The 
overall indentation hardness CEM I 52.5 R is 0.88 ± 0.18 GPa and for CEM I 42.5 N is 1.08 ± 0.19 GPa. 
Nanoindentation results indicate that CEM I 52.5 R has a lower indentation modulus and hardness than CEM I 
42.5 N, the difference is however within the error interval. These results are in agreement with values obtained 
by ultrasonic tests. Ultrasonically obtained values of Young´s modulus (18 ± 1 GPa resp. 20 ± 1 GPa) are not in 
a good agreement, assuming relation (31) pointing at possibility of incorrectly chosen value of Poisson ratio. For 
our purposes, it is however more important that the values for CEM I 52.5 R and CEM I 42.5 N are equal within 
the error interval. This confirms that the stiffness-bearing matrix of both cement pastes is of the same origin and 
of same properties and the differences are caused by defect structures and volume fractions of individual 
hydration products. .  
Significant influence has a total hydration degree. This assumption corresponds to the higher content of 
unhydrated clinker in CEM I 42.5 N. Strength of clinker was reflected in nanoindentation testing, by increasing 
of total value of indentation hardness and modulus. This phenomenon points to the fact that unhydrated clinker 
does not cause increase of the strength of its steric effect. Another more significant proportion of the differences 
results can be in the location of indents on surface of samples. At CEM I 42.5 N is much higher probability of 
indentation in the clinker and thus leads to effect of an overall result of nanoindentation. As can be seen, e.g. in 
Figure 20a), the histogram fit could contain two more peaks at (in this exemplar case) 25 GPa and 35 GPa. 
Phases with these values of modulus were not published yet, we suggest to ascribe their appearance to so called 
inner and outer hydration product (described e.g. in [46]). This imperfection of fitting using the chosen model (4 
peaks). The two missing peaks are always more pronounced in the case of CEM I 52.5 R. It at is in good 
agreement with the fact that this cement has a finer grain size. This results in high portion of the test surface that 
is formed by these interfacial structures. In n case of CEM I 42.5 N there is larger surface area formed by 
clinker. 
Other question to be discussed is possibility that LD C-S-H gel acts as a principal framework of cement paste 
and the ultrasonic signals are transmitted throw the sample just by this structure. Then the agreement of values of 
E and M according to (31) would be very good.  
 
9 CONCLUSION OF PART II – INDENTATION TESTS 
9.1 Conclusions in the context of part II 
Nanoindentation tests were performed on both samples: CEM I 52.5 R and CEM I 42.5 N. On the CEM I 
52.5 R surface there was performed 1069 indentations satisfying the conditions of maximum indentation depth 
ranging from 100 to 300 nm. On the CEM I 42.5 N surface there was performed 1070 indentations with 
satisfying the conditions of maximum indentation depth ranging from 100 to 300 nm. The values of indentation 
hardness and modulus were similar to the values from literature [39-41]. An important indicator was a volume 
fraction of individual phase.  
Main conclusion points emerging form above written discussions are:  
 Nanoindentation mapping enables good characterization of mechanical properties of individual hydration 
structures. 
 Strict use of values taken from [39-41] makes the fits of histograms quite questionable, we suggest further 
research on potential phases showing indentation modulus of values of 25 and 35 GPa. 
 Overall values (28 and 33 GPa) of indentation modulus indicate the identity of main structures in both 
CEM I 52.5 R and CEM I 42.5 N cement pastes. These values also opens the discussion about formula (31) 
and value of Poisson ratio. This question exceeds the range of this dissertation and it should be treated 
within some following research. 
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Part III – Identifying and influencing of weak structures 
 
10 CORRELATIVE MICROSCOPY – NEW METHOD FOR (NANO)MICRO-
CHARACTERIZATION OF MATERIALS  
10.1 Introduction 
The correlative microscopy is the new possibility of materials analysis. This method combines light 
microscopy (LM) and scanning electron microscopy (SEM). It consists of specially designed sample holders, 
adapter and correlative software modules. The chosen point or region of interest in the LM can easily be 
relocated at a much higher resolution in the SEM by means of automated calibration and work routines. LM 
images can then be precisely extended by their morphological background and/or material distribution, e.g. with 
energy dispersive spectroscopy (EDS). [47] 
Correlative microscopy was used to verify of homogeneity of cement samples. Due to learning of 
correlative microscopy techniques on heterogeneous material it was used (well known from my bachelor thesis 
[48]) the high performance concrete. 
 
10.1.1 Testing equipment and sample preparation 
For cement sample, high performance concrete and (in next part of dissertation) geopolymer concrete we 
used the correlative measurement system: LM – ZEISS AXIO OBSERVER Z1m, a special sample holder and 
SEM – ZEISS EVO LS10 with EDS detector OXFORD X-Max 80 mm2. 
Before the correlative microscopy, from sample we cut off one circular disk with a thickness of about 10 mm 
and for high performance concrete we cut off one rectangle with a thickness of about 10 mm. Then the samples 
were individually grinded and polished. For a perfect surface without any significant relief there were used 
polishing papers of different grain sizes. First was used grinding paper "60" for coarse grinding and then "220, 
400, 800, 1200" for fine grinding. 
After this careful preparation of the sample surface, the sample was inserted into special sample holder and then 
on light microscope. The images in regions of interest were performed. Then the image data from LM were 
inserted into SEM. Next step was carbon coating on the surface samples, because cement sample as well as high 
performance concrete are only slightly conductive specimens. After this preparation, the sample was inserted 
into SEM and we started automatic finding the region of interest. On the individual region of interest the overlay 
images and EDS mapping were performed 
 
11 GEOPOLYMER MATERIAL AND BASIC CONCEPTS OF FRACTURE 
MECHANICS 
11.1 Geopolymer materials 
The materials with a certain content of N(K)ASH (= Na2O-“K2O”-Al2O3-SiO2-H2O) gel but also with a 
certain content calcium or other components (e.g. in the form CSH gel) was recommended term "the geopolymer 
materials". However, we can say that the professional community accepted a descriptive term "geopolymer”. 
Nowadays “geopolymer” is generally used for all multicomponent alkali-activated aluminosilicates. Their 
common feature is the three-dimensional amorphous microstructure with random arrangement of silicate and 
alumina tetrahedron with an alkali metal cation balancing charge of [Al(OH)4]
-
. Geopolymers can be considered 
as precursors of zeolites, each other with differing chemical composition, method of preparation and properties 
[49-51]. The resulting geopolymer is created from alkaline solution by the following reaction (Figure 22). 
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Figure 22: The reaction leading to the formation of geopolymer structure [52] 
 
 
Figure 23: Barbarosa model of the geopolymer structure [53] 
 
11.2 Basics of the theory of brittle fracture 
11.2.1 Equilibrium fracture 
Griffith's idea was to model a static crack as a reversible thermodynamic system. The important elements of 
the system are defined in Figure 24: an elastic body B containing a plane-crack surface S of length c is subjected 
to loads applied at the outer boundary A. Griffith simply sought the configuration that minimized the total free 
energy of the system; the crack would then be in a state of equilibrium, and thus on the verge of extension. 
The first step in the treatment is to write down an expression for the total energy U of the system. To do this we 
consider the individual energy terms that are subject to change as the crack is allowed to undergo virtual 
extension. 
 
Figure 24: Static plane-crack system, showing incremental extension of crack length c through dc: B, elastic 
body; S, crack surface; A, applied loading. [54] 
 
Generally, the system energy associated with crack formation may be partitioned into mechanical or surface 
terms. The mechanical energy itself consists of two terms, UM = UE + UA: UE is the strain potential energy stored 
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in the elastic medium; UA is the potential energy of the outer applied loading system, expressible as the negative 
of the work associated with any displacements of the loading points. The term US is the free energy expended in 
creating the new crack surfaces. We may therefore write  
U = UM + US.        (44)  
Thermodynamic equilibrium is then attained by balancing the mechanical and surface energy terms over a virtual 
crack extension dc (Figure 24). It is not difficult to see that the mechanical energy will generally decrease as the 
crack extends (dUM/dc < 0). For the restraining tractions across the incremental crack boundary dc were 
suddenly to relax, the crack walls would, in the general case, accelerate outward and ultimately come to rest in a 
new configuration of lower energy. On the other hand, the surface energy term will generally increase with crack 
extension, since cohesive forces of molecular attraction across dc must be overcome during the creation of the 
new fracture surfaces (dUS /dc > 0). Thus the first term in (44) favours crack extension, while the second 
opposes it. This is the Griffith energy-balance concept, a formal statement of which is given by the equilibrium 
requirement 
dU/dc = 0.       (45) 
Here then was a criterion for predicting the fracture behaviour of a body, firmly rooted in the laws of energy 
conservation. A crack would extend or retract reversibly for small displacements from the equilibrium length, 
according to whether the left-hand side of (45) were negative or positive. This criterion remains the building 
block for all brittle fracture theory. [54,55] 
 
11.2.2 Crack in uniform tension  
The Griffith concept provided a fundamental starting point for any fracture problem in which the operative 
forces could be considered to be conservative. Griffith sought to confirm his theory by applying it to a real crack 
configuration. First he needed an elastic model for a crack, in order to calculate the energy terms in (44). For this 
he took advantage of the Inglis analysis [56], considering the case of an infinitely narrow elliptical cavity 
(b → 0, Figure 25) of length 2c in a remote, uniform tensile stress field σA. Then, for experimental verification, 
he had to find a well-behaved, 'model' material, isotropic and closely obeying Hooke's law at all stresses prior to 
fracture. Glass was selected as the most easily accessible material satisfying these requirements. Therefore this 
material (glass) was chosen in my diploma thesis [57]. 
 
 
Figure 25: Plate containing elliptical cavity, semi-axes b, c, subjected to uniform applied tension σA . C denotes 
“notch tip”. [54] 
 
In evaluating the mechanical energy of his model crack system Griffith invoked a result from linear elasticity 
theory. Namely that for anybody under constant applied stress during cracks formation, 
UA = –2UE, (constant load)     (46) 
so that UM = –UE. The negative sign indicates a mechanical energy reduction on crack formation. Then from the 
Inglis solution [56] of the stress and strain fields the strain energy density is readily computed for each volume 
element about the crack. Integrating over dimensions large compared with the length of the crack then gives, for 
unit width along the crack front, 
   
     
 
  
      (47) 
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Figure 26: Energetics of Griffith crack in uniform tension, plane stress. Data for glass from Griffith:   
γ = 1.75 Jm–2, E = 62 GPa, σA = 2.63 MPa (chosen to give equilibrium at c0 = 10 mm) [54] 
 
where E’ identifies with Young's modulus E in plane stress (‘thin’ plates) and E/(1 – v2) in plane strain (‘thick’ 
plates), with ν Poisson’s ratio. The application of additional loading parallel to the crack plane has negligible 
effect on the strain energy terms in (47). For the surface energy of the crack system Griffith wrote, again for unit 
width of front, 
US = 4cγ       (48) 
with γ the free surface energy per unit area. The total system energy (44) becomes 
 ( )   
     
 
  
          (49) 
Figure 26 shows plots of the mechanical energy UM(c), surface energy US(c), and total energy U(c). Observe 
that, according to the Inglis treatment [56], an edge crack of length c (limiting case of surface notch, b → 0) may 
be considered to possess very nearly one-half the energy of an internal crack of length 2c. 
The Griffith equilibrium condition (45) may now be applied to (49). We thereby calculate the critical conditions 
at which ‘failure’ occurs, σA = σF, c = c0, say: 
   (
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.       (50) 
As we see from Figure 26, or from the negative value of d
2
U/dc
2
, the system energy is a maximum at 
equilibrium, so the configuration is unstable. That is, at σA < σF the crack remains stationary at its original size 
c0; at σA > σF it propagates spontaneously without limit. Equation (50) is the famous Griffith strength relation. 
[54,55,58] 
 
11.2.3 Flaws – crack initiation 
The flaws are present in almost all materials and therefore must consider them when determining of the 
mechanical properties. In the Table 2 is very well observable dependence of strength on the size of flaws for 
brittle materials. 
Table 2: Typical ‘Griffith’ flaw size and strengths of brittle materials [54] 
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The method of elimination flaws has been used with some success in the development of 'macro-defect-free' 
cements. By adding surface-active chemicals to control the rheology of the cement paste in mixing and by 
adopting novel extrusion procedures, one is able to effect dramatic reductions in the porosity of the finished 
product, increasing the strength from a traditionally low 5-15 MPa to a more respectable value 50-70 MPa. [54] 
 
12 FINAL EXPERIMENTS – IMPROVING OF STRENGTH OF 
GEOPOLYMER CONCRETE 
12.1 Outline of experiments 
Main task is to localization of the weakest points on prepared material. Next task is to influencing of the 
weakest phase. Final task is to compare of original and influenced material. To achieve this, following steps will 
be performed: 
 Preparation of geopolymer concrete, which is in the interest of research at our faculty. 
 Finding its compression strength 
 Initialization of cracks in a prepared sample at values of pressure lower than obtained in previous step 
 Localization of initial cracks on a prepared sample. 
 Evaluation of causes of creation of cracks in localized weakest points. 
 Influencing of the weakest points during preparation of geopolymer concrete. 
 Comparison of influenced and uninfluenced geopolymer concrete using: uniaxial compression testing, 
ultrasonics testing a nanoindentation testing. 
 
12.2 Samples preparation 
The composition of geopolymer concrete in Table 3 was taken from a research group at our faculty. This 
composition was invented as optimal. 
 
Table 3: Raw materials used for preparation of the geopolymer concrete [59] 
Raw materials Weight [g] 
NaOH (95%) 1112 
H2O 4679 
Slag - Štramberk 8704 
Fly ash – Počerady 5B 2923 
Concrete dusts – Mokrá CKD 2069 
Sand - fine 3989 
Sand - medium 3989 
Sand - coarse 3989 
Aggregates - 4/8 10294 
Aggregates - 8/16 15216 
 
12.3 Localization of cracks 
The structural and elemental analysis was performed using a scanning electron microscope (SEM) and 
energy dispersive spectroscopy (EDS). The cracks were localized using a correlative microscopy. Thereafter the 
elemental analysis (EDS mapping) were performed. In vicinity of cracks were found increased content elements: 
chlorine, potassium and sodium. 
 
12.3.1 First region with cracks 
The vicinity of cracks in the first region was a typical example of distribution of elements on surface of 
geopolymer concrete (Figure 27-Figure 28). In the near of cracks was found higher content of chlorine, sodium 
and potassium. 
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Figure 27: Geopolymer concrete – first region with visible cracks 
 
 
Figure 28: EDS layered image a first region – typical example of the distribution of elements around of cracks – 
geopolymer concrete 
 
 
 
35 
 
 
 
Figure 29: EDS maps of individual elements, in order: O, Si, Al, Ca, Mg, Cl, Na, K – first region – geopolymer 
concrete 
 
12.3.2 Influence of interface transition zone 
The surface of aggregates was not good for creation of a firm bond with the matrix (see Figure 30). 
Therefore, it was necessary to influence this interface transition zone. Experiments were performed, leading to 
roughening of the surface aggregate. When etching with acids (HF, HCl) were achieved very good results, but 
the acid would affect the curing process. This dissertation thesis emphasizes the application of results 
(procedures) into industrial practice; therefore, the use of acids was not recommended. For roughening a surface 
of aggregates was used a concentrated solution of sodium hydroxide for a period of 2 hours. This solution is also 
used as the alkaline activation and hence its presence does not cause problems, such as acid. 
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Figure 30: Cracks expanding on interface transition zone between matrix and aggregates on the geopolymer 
concrete – ion polished 
 
12.3.3 Influence of content of elements that create salts 
The first step was finding the source of elements: chlorine, potassium and sodium. The source of sodium 
was evident because a sodium hydroxide was used for alkaline activation. Therefore, the sodium content was not 
possible to reduce. As the source of chlorine and potassium was found the concrete dusts – Mokrá CKD. By 
using EDS it was found the composition of cement dust (Table 4 left). To reduce the content of KCl there was 
used decantation. Mechanism decantation was that potassium chloride was dissolved in water and a saline 
solution is then decanted. The solid part of concreting dusts (free lime and other components) remained settled at 
the bottom of the container. Then, the solid component of the composition shown in Table 4 right, was added to 
the new modified mixed for the preparation of improved geopolymer concrete. To further reduce of content of 
KCl would be possible to decantation repeated but it would not be appropriate for practice. 
 
Table 4: The chemical composition of concrete dust before decantation (left table) and after decantation (right 
table) 
Element Wt% Atomic%  Element Wt% Atomic% 
K 42.6 33.3  K 28.7 21.3 
Cl 31.8 27.4  Cl 25.6 21.0 
O 15.7 30.0  O 20.9 37.9 
Ca 3.9 3.0  Ca 18.4 13.4 
S 3.4 3.2  S 1.5 1.4 
Na 1.2 1.6  Si 1.5 1.5 
Si 0.7 0.7  Na 1.4 1.7 
Al 0.6 0.7  Al 1.2 1.3 
Fe 0.2 0.1  Fe 0.7 0.4 
Mg 0.0 0.0  Mg 0.2 0.3 
 
12.4 Influenced geopolymer concrete 
From a results of previous analyzes and on the basis of Chapter12.3 an influenced geopolymer concrete 
(IGC) was prepared. In this case, influenced means a higher strength - higher mechanical properties. The 
durability and frost resistance was not the subject of this research. 
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12.4.1 Sample preparation 
The influenced geopolymer concrete was prepared from the raw materials shown in Table 3, as well as the 
geopolymer concrete. Of these components were prepared by a large blocks of dimension 100×100×400 mm. 
Both improvements described in Chapter 12.3 were used in this preparation procedure. On the aggregate was 
poured (for 2 hours) a concentrated solution of NaOH and occasionally was mixed. Then the slag and fly ash 
were added and mixed (30 second). And then all the other components were added and mixed (4 minutes). 
Finally, the mixture was filled into forms and vibrated on a vibrating table for 60 seconds. 
 
12.5 Comparison of mechanical properties 
To be able to say that the influenced geopolymer concrete is better than the original geopolymer concrete, it 
was necessary to measure the mechanical properties under the same conditions – the same conditions of 
preparation, sample storage (mainly temperature and humidity) and at the same time of hardening for performing 
of mechanical testing. 
 
12.5.1 Uniaxial compression testing 
12.5.1.1 Uniaxial compression testing – 40 mm and 100 mm – 34 days 
The test cubes of the size of side 40 mm were prepared. The individual values of compressive strength after 
34 days of hardening for all samples are shown in Table 5. 
 
Table 5: The results of compression strength tests for GP and IGC – 40 mm and 100 mm – hardening 34 days 
Sample 
number 
Geopolymer concrete (GC) [MPa] Influenced geopolymer concrete (IGC) 
[MPa] 1 15.75 19.46 
2 19.24 20.62 
3 19.29 22.73 
4 19.38 23.07 
5 19.65 23.18 
6 20.11 23.31 
7 20.23 23.55 
8 20.88 24.03 
9 20.93 24.60 
10 20.95 25.21 
11 21.07 25.32 
12 21.58 25.47 
13 21.85 25.90 
14 22.81 26.51 
15 22.91 26.83 
16 23.10 28.58 
17 23.99 29.95 
18 24.56 31.93 
Average 21 25 
2σ 4 6 
 
12.5.2 Results of compression tests 
The uniaxial compression tests were performed under the same conditions on a several geopolymer 
samples. The tests of outlier results were performed, any value was not excluded. In Figure 31 is visible, that it 
has improved the mechanical properties of geopolymer concrete. Unfortunately, the error bars show the overlap 
of values, but the increase of main values of strength is unquestionable. It should be emphasized that the error-
bar is taken to be two sigma, i.e. with a reliability of 95.45 %. 
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Figure 31: Dependence of compressive strength on time for geopolymer concrete (GC) and influenced 
geopolymer concrete (IGC) – comparison 
 
12.6 Comparison using ultrasonic testing 
On the geopolymer samples were performed the ultrasonic tests. The conditions of measurement were set 
according to results from cement samples. Frequency was set to a value of 250 kHz. Measurement was not easy 
due to small sample length. Identification of shear waves was therefore difficult and the brass rod had to be used 
to assist for deceleration waves. The runtime of the waves through the samples were measured and then wave 
speeds were calculate (see Section 7). Young's modulus and Poisson's ratio were calculated, see Table 6. 
 
Table 6: The results of ultrasonic testing for GP and IGC 
  Young's modulus [GPa] 2σ [GPa] Poisson's ratio [-] 2σ [-] 
Geopolymer concrete 35 10 0,27 0,09 
Influenced geopolymer concrete 33 5 0,23 0,09 
 
The resulting values (E, ν) for both geopolymer are similar and the error intervals show the overlap of 
values. The values of Poisson’s ratio are consistent with the literature [60,61] and values of Young’s modulus 
are consistent with the literature [62,63]. It can be said that weakest places were influenced, while the matrix was 
not affected (in the sense of identity of the hardening reaction).  
One of possible explanation of the effect of salts (KCl, NaCl) is that they were present GP as very small 
single crystals that did not participate in hardening reaction. A salt crystal rather prevents bonding of the 
individual grains (slag, fly ash, etc.). They could also bring a tensions or weakening of bonds of principal 
framework of GP.  
 
12.7 Comparison using nanoindentation 
For a perfect surface without any significant relief polishing papers of different grain sizes were used. 
Polishing papers "220, 400, 800" were used for coarse polishing and then "1200, 2500" for fine polishing. Speed 
of polishing wheels was set at 80 RPM, and as cooling as well as lubricating medium was used water. Then the 
samples were individually bonded onto a metal pad. 
Conditions of nanoindentation measurements were set identically with optimum conditions which were 
obtained on cement samples. Nanoindentation measurements were performed using a nanoindenter Hysitron 
Triboindenter at TU Wien. Condition in detail: displacement-controlled analyses exhibited a targeted maximum 
indentation depth of 200 nm. During loading, an indentation speed of 20 nm/s was chosen, i.e. the targeted 
indentation depth was reached after 10 seconds. This was followed by a holding phase lasting for 5 seconds, 
during which the indentation depth was held constant. Unloading was again carried out with a speed of 20 nm/s 
so that unloading lasted again for 10 seconds. 
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Figure 32: Indentation modulus for geopolymer concrete – controlled depth (200 nm); grid space (50 μm) – first 
region 
 
 
Figure 33: Histogram of indentation modulus for geopolymer concrete – controlled depth (200 nm); grid space 
(50 μm) – 576 indents 
 
12.7.1  Influenced geopolymer concrete 
Suitable selections of position for indentation were performed so that the matrix occupies the largest area. 
On surface of influenced geopolymer concrete there were performed also four indentation mappings (Figure 34). 
Grid points of spacing were performed of 50 μm. A square grid with 12 × 12 grid points was used for each 
analysis, resulting in 144 individual measurements in one indentation map, this means 576 indentations.  
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Figure 34: Indentation modulus for influenced geopolymer concrete – controlled depth (200 nm); grid space 
(50 μm) – first region 
 
 
Figure 35: Histogram of indentation modulus for influenced geopolymer concrete – controlled depth (200 nm); 
grid space (50 μm) – 576 indents 
 
12.7.1.1 Comparison of nanoindentation by another nanoindenter 
A comparative nanoindentation measurement to influenced geopolymer concrete was performed in 
Hysitron Nanomechanical Application Lab in Prague.  
The stiffness and damping can in turn be used to calculate the storage modulus E’ 
   
  √ 
 √  
 
 where ks is stiffness of sample and Ac is projected area. 
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Figure 36: Storage modulus represents the elasticity of a material; however, modulus maps can be influenced by 
local roughness therefore the topography image on the left is also presented here. Cross-sectional analysis below 
corresponds to a blue line on the storage modulus image. 
 
12.8 Discussion of nanoindentation tests – geopolymer concretes 
On each of geopolymer concrete there was performed 576 indents. Following discussion was derived with 
the aid of SEM pictures. For instance, this will be demonstrated in Figure 38. On both histograms, there are well 
distinguished peaks at 1.25 GPa (narrow) and at about 50–60 GPa (broad distribution). The former can be clearly 
ascribed to incompact, defect structures (areas A in Figure 38), they have naturally almost zero stiffness. The 
later curve corresponds to aggregate, fly ash, slag grains (B in Figure 38) and their various defects and interfaces. 
These two “phases” can be excluded of further discussions. 
The most important are obviously phases with value of M of 35 GPa. This value corresponds well to that 
obtained by ultrasonic tests assuming formula (31). This indicates that this phase forms a principal framework of 
the material, with structure probably approaching the ideal model (shown in Figure 23). This phase (C in Figure 
38) covers the hard particles and these coatings touch their neighbors, forming the 3-D network which bears the 
acoustic waves at ultrasonic testing. In Figure 33, its maximum exhibits value lowers than 35 GPa. This can be 
interpreted as consequence of structural defects of this phase caused by salts. The wider is the distribution, the 
higher is the randomness of these defects. This phenomenon moves, of course, the maximum of peak to lower 
values. 
Last two peaks of interest lay at values approx. 7 and 15 GPa. This phases we suggest to interpret as an 
interstitial matter and its defective analogue (D in Figure 38).  
Comparing the Figure 33 and Figure 35, we can focus on three convolution components at 8, 15 and 35 
GPa. It is obvious that our improvement of sample preparation decreased the occurrence of most defective 
structure A in favor of interstitial phase D. The area of interstitial phase has much larger area, moreover, the 
fraction of its defective analogous was decreased as well. The most outstanding is a presence of very distinct 
peak of principal framework phase C in the histogram of IGC. 
To summarize the discussion it can be concluded that partial removal of alkaline salts increased the fraction 
of non-defective structures. This corresponds to observed increase of compressive strength. 
These ideas are also confirmed by using a comparative measurement from other nanoindentor when it was 
measured storage modulus (similar to indentation modulus). It was also verified that the highest storage modulus 
over 50 GPa have aggregates, quite often is value about 15 GPa (interstitial matter) and about 40 GPa 
(framework). The lowest values are not recorded, since the line of scan was set to avoid the defective structures.  
Comparison of indentation module of geopolymer concrete and influenced geopolymer concrete is observable in 
Figure 37. Shift of indentation module towards to higher values is observable. Specifically, in IGC is peak area 
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of interstitial matter was increased three times with shift of maximum from 12.7 GPa to 14.0 GPa. The peak of 
framework phase cannot be identified in GC histogram at all (only defective distribution at 24.5 GPa) while in 
the case of IGC the distinct peak can be observed.  
 
 
Figure 37: Comparison of indentation modulus M for geopolymer concrete and influenced geopolymer concrete 
– controlled depth (200 nm); grid space (50 μm) – 1152 indents 
 
 
 
Figure 38: Phases corresponding to fitting component in Figure 33 and Figure 35 (magnification 5000×) 
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13 CONCLUSIONS OF DISSERTATION THESIS 
 
Within presented dissertation are amount of experimental results was collected. These results enabled 
formulation of many partial conclusions that were used for following part of work or that can be used by other 
researchers. During the work, results of first part were published in impacted journal, results of second part were 
published at expert conference. Publication of last results is recently being prepared to submit. 
 
Many partial results were highlighted in the final sections of individual parts and they will not be repeated here. 
In order to accomplish the assignment of dissertation, we can summarize that: 
 
 Very effective computational up-scale model of prof. Pichler was validate on samples with w/c ratio of 
value of 0.42. The validity is unquestionably up to degree oh hydration of 50 %. 
 
 Experimental details for correct measurement of calorimetry (w/c ratio up to 0.6, temperature fluctuations 
neglecting), ultrasonic tests (frequency, sample dimensions, effect of evaporation) and uniaxial 
compression tests (load plate friction reduction, curing in lime saturated solutions) were found a verified. 
 
 Nanoindentation by itself is not possible to use for localization of weak structures of inorganic binders. 
However, it is a very powerful tool to characterize lot of structure/mechanical features when used in 
mapping mode with sufficient statistics of results. 
 
 It was found, that strict use of values of stiffness taken from literature makes the fits of nanoindentation 
histograms quite questionable. Further research on potential phases showing indentation modulus of values 
of 25 and 35 GPa was suggested. 
 
 In the structure of geopolymer concrete there were found crucial structural component with values of 
indentation modulus of 35 GPa (principal framework) and 15 GPa (interstitial mass). 
 
 Based on use of calorimetry, ultrasonic testing, uniaxial compression testing, correlative microscopy and 
nanoindentation mapping the strength of real geopolymer material was improved by change in technology 
suggested according results of mentioned methods. After partial removal of alkaline salts from concrete 
dust before mixing, the resulting compression strength was increased from 21 MPa to 25 MPa. The effect 
was also clearly proved by nanoindentation characterization of hardened structure. 
 
Considering the points highlighted above, it can be concluded that tasks of dissertation assignment were fully 
accomplished. 
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TECHNICAL SKILLS AND COMPETENCIES 
 MS Windows, MS Office (Word, Excel, PowerPoint), ChemSketch, Matlab, OriginPro. 
 Metallography (mainly from STRUERS)  
 Cross Section Polisher (JEOL IB-09010CP)  
 Scanning Electron Microscope (JEOL JSM-7600F, ZEISS EVO LS10) with EDX, WDX and EBSD  
 Light optical microscopy (ZEISS AXIO OBSERVER Z1m, ZEISS STEMI 2000-C)  
 Measuring of Brinell (DHB-3000), Vickers hardness (LECO LV700), microhardness (LECO AMH-43) and 
nanohardness (Hysitron Triboindenter®) 
 Heat-flux differential calorimetry (Toni Cal 7338) 
 Ultrasonic measurement system (LeCroy WaveRunner 62Xi, Pulser-receiver Panametrics-NDT 5077 PR, 
Ultrasonic transducer Panametrics-NDT) 
 Testing devices of mechanical properties (INSTRON 5900) 
